The ribonuclease P (RNase P) in the hyperthermophilic archaeon Pyrococcus horikoshii comprises RNA (PhopRNA) and five proteins. We analyzed the RNA binding mode of the protein, using a pair of complementary fluorescence-labeled oligoribonucleotides. Fluorescence resonance energy transfer (FRET)-based assays suggested that the RNase P proteins assist PhopRNA in attaining a functionally active conformation via a distinct mode of binding.
There is growing evidence that RNA plays essential roles in the biological processes of living cells, including pre-mRNA splicing in the spliceosome, peptide-bond formation in the ribosome, and mRNA decay in RNAinduced silencing complexes. RNA molecules usually perform these functions in close association with RNAbinding proteins, and thus RNA-protein interaction is central to the understanding of a wide range of biological processes. 1) Ribonuclease P (RNase P) is a ribonucleoprotein (RNP) that catalyzes the processing of 5 0 leader sequences from tRNA precursors and other noncoding RNAs in all living cells. 2, 3) Archaeal RNase Ps comprise a single RNA moiety and 4 or 5 proteins. 4) Although the RNA components in archaea have little catalytic activity in vitro, 5) they function in cooperation with protein subunits in substrate recognition and catalysis. Hence archaeal RNase Ps can serve as a model RNP in studying how a functional RNA can be activated by protein cofactors and how RNP enzymes catalyze biological processes.
We have found in reconstitution experiments that RNase P RNA (PhopRNA) and four proteins, PhoPop5, PhoRpp21, PhoRpp29, and PhoRpp30, are essential for hyperthermophilic archaeon Pyrococcus horikoshii RNase P activity.
6) The reconstituted particle, however, had a low optimal temperature (of about 55 C) as compared with 70 C for authentic RNase P from P. horikoshii. 7) Subsequently, a fifth protein, PhoRpp38, was found to be involved in elevating the optimal temperature of the reconstituted particle. 7) A recent spectroscopic study suggested that binding of PhoRpp38 increases the base stacking of PhopRNA, while that of the other four proteins results in destabilization of base stacking. 8) Recently, Rajkowitsch and Schroeder described a method of monitoring the RNA annealing and strand displacement activities of RNA binding proteins by fluorescence resonance energy transfer (FRET) analysis. 9) To gain more insight into the molecular basis of the activation of PhopRNA upon the binding of the proteins, we applied the fluorescence resonance energy transfer (FRET) method using a pair of RNA oligonucleotides, Cy3-21RÀ and Cy5-21Rþ, basically as described by Rajkowitsch and Schroeder, 9) with some modifications (Fig. 1) .
The two fluorescence-labeled synthetic oligoribonucleotides, Cy3-21RÀ and Cy5-21Rþ, were purchased from Operon Biotechnologies (Tokyo). Five RNase P proteins were overproduced in Escherichia coli cells, and the resulting proteins were purified to homogeneity as described previously. 6, 7) A oligoribonucleotide (21Rþ) with a sequence identical to Cy5-21Rþ was produced by in vitro transcription with T7 RNA polymerase using a corresponding synthetic DNA oligonucleotide as template. The resulting RNAs were purified by ionexchange column chromatography on a HiTrap DEAESepharose FF column as described by Easton et al. 10) We monitored FRET from the donor Cy3 to acceptor Cy5 in 50 mM Tris-HCl (pH 7.5) containing 3 mM MgCl 2 and 1 mM DTT at 30 C by measuring the fluorescence emission at 590 nm of Cy3 with excitation at 535 nm every 2 s using a fluorescence spectrophotometer (F-3010, Hitachi, Tokyo). The fluorescence emission of Cy3 at 590 nm was constant in the absence of Cy5-21Rþ, as shown in Fig. 2A , curved line i. In the presence of only two complementary RNA strands, emission gradually decreased over 20 min, indicating that the two synthetic RNA strands were annealed to form a double-stranded RNA ( Fig. 2A , curved line a). Then fluorescence emission was nearly constant after the addition of non-labeled RNA at 20 min, as shown in Fig. 2A , indicating that no RNA strand displacement took place. In the presence of PhoPop5, PhoRpp21, PhoRpp29, or PhoRpp30, the fluorescence intensity at y To whom correspondence should be addressed. Tel/Fax: +81-92-642-2853; E-mail: mkimura@agr.kyushu-u.ac.jp Abbreviations: FRET, fluorescence resonance energy transfer; PhopRNA, Pyrococcus horikoshii RNase P RNA; RNP, ribonucleoprotein; pretRNA, tRNA precursor; RNase P, ribonuclease P 590 nm decreased significantly ( Fig. 2A, curved lines b-e), suggesting that they accelerated the annealing of the two RNA strands. In contrast, as expected from previous data showing specific binding to the two stem loops in PhopRNA, 7, 11) the presence of PhoRpp38 had no influence on FRET. Rather, it appeared slightly to inhibit the annealing of the RNA strands ( Fig. 2A , curved line f).
When unlabeled RNA (21Rþ) was added (phase 2), three proteins, PhoPop5, PhoRpp29, and PhoRpp30, decreased the FRET efficiency between Cy3 and Cy5 linked to the complementary RNA strands, suggesting that they can induce strand displacement ( Fig. 2A,  curved lines c, b, and e) .
To evaluate the activities at phases 1 and 2 quantitatively, FRET efficiency (E) was calculated as described in Fig. 2B , 12) and half-times (t 1=2 ) were calculated as the time required for E to reach to the half-value of the maximum increase or decrease due to annealing or strand displacement, as shown in Table 1 . It was found that the two oligonucleotides were annealed at a t 1=2 of 185 s in the absence of the proteins (Table 1) . When the t 1=2 values were calculated, it was found that the four proteins accelerated the annealing of the two oligonucleotides by approximately 10-fold (Table 1) . These three proteins, PhoPop5, PhoRpp29, and PhoRpp30, further promoted strand displacement activity, with t 1=2 values of 326, 268, and 166 s respectively, while PhoRpp21 appeared to have little influence on the FRET efficiency at phase 2 (Table 1) .
Rajkowitsch et al. have explained that RNA-binding proteins can be grouped into four classes on the basis of The influence of the P. horikoshii RNase P protein on FRET was analyzed using a pair of complementary oligoribonucleotides, principally as described by Rajkowitsch and Schroeder, 9) with some modifications. At the first step (phase 1), Cy5-21Rþ (Cy5-5 0 -AUGUGGAAAAUCU-CUAGCAGU-3 0 ) and Cy3-21RÀ (Cy3-5 0 -ACUGCUAGAGAUUUUCCACAU-3 0 ) were annealed in a cell (1 mL) of a fluorescence spectrophotometer (F-3010, Hitachi) at 30 C in 50 mM Tris-HCl (pH 7.5) containing 3 mM MgCl 2 and 1 mM DTT. Annealing was started by mixing 300 mL of Cy5-21Rþ (100 nM) with an equal volume of Cy3-21RÀ (100 nM) in the cell in the absence and the presence of 200 mL of the protein (1 mM). The reaction was allowed to proceed for 1,200 s, and FRET from Cy3 (donor) to Cy5 (acceptor) was monitored by measuring the fluorescence emission at 590 nm of Cy3 with excitation at 535 nm every 2 s. At the second step (phase 2), 200 mL of nonfluorescence-labeled competitor RNA (21Rþ, 10 mM) was added, the mixture was shaken vigorously for 2 s, and measurements were continued for a further 1,200 s. Ann and SD indicate annealing and strand displacement respectively. A, Fluorescence spectrophotometric analysis of two complementary RNAs, Cy5-21Rþ and Cy3-21RÀ, in the absence and the presence of the proteins. The measurements were done as described in Fig. 1 . B, Energy transfer efficiency (E) was calculated as follows: E ¼ 1 À F DA =F D , where F D and F AD are the relative fluorescence intensities of the donor (Cy3-21RÀ) in the absence and the presence respectively of the acceptor (Cy5-21R). 12) To evaluate the activities at phases 1 and 2, half-lives (t 1=2 ) were calculated by the time course of energy transfer efficiency. They were measured as the time required for E to reach the half-value of the maximum increase or decrease by annealing or strand displacement. a, Cy5-21Rþ and Cy3-21RÀ with no protein; b, Cy5-21Rþ and Cy3-21RÀ with PhoPop5; c, Cy5-21Rþ and Cy3-21RÀ with PhoRpp30; d, Cy5-21Rþ and Cy3-21RÀ with PhoRpp21; e, Cy5-21Rþ and Cy3-21RÀ with PhoRpp29; f, Cy5-21Rþ and Cy3-21RÀ with PhoRpp38; g, Cy5-21Rþ and Cy3-21RÀ with PhoPop5-PhoRpp30; h, Cy5-21Rþ and Cy3-21RÀ with PhoRpp21-PhoRpp29; i, Cy3-21RÀ. mode of action. 13) The first group includes proteins that bind non-specifically to RNA and resolve kinetically trapped, misfolded conformers. These proteins are referred to as RNA chaperones. The second group includes proteins that accelerate the annealing of complementary RNAs. These proteins are referred to as RNA annealers. The third and fourth groups include RNA helicases and specific RNA-binding proteins, including E. coli ribosomal protein L7/L12, respectively. Our FRET-based method revealed that three archaeal proteins, PhoPop5, PhoRpp29, and PhoRpp30, are capable of promoting both RNA annealing and displacement activities, belonging to the first and second groups of RNA-binding proteins. In contrast, PhoRpp21 exhibited little promotion of strand displacement, although PhoRpp21 significantly promoted RNA annealing (Table 1) . Hence it was suggested that PhoRpp21 is to be grouped in the RNA annealer family. On the other hand, PhoRpp38 was inactive in the annealing and strand displacement reactions, and was classified into the fourth RNA-binding protein group.
Structural and mutational data indicate that PhoPop5 and PhoRpp30 form a heterotetramer 14) while PhoRpp21 and PhoRpp29 fold into a heterodimer in solution, 15) the quaternary structures playing a crucial role in the activation and stabilization of the C-and Sdomains in PhopRNA respectively. 16) Although the conditions imposed in the FRET-based analysis differed from those for the reconstitution experiments, we prepared the two complexes as described previously, 14, 15) and examined their influences on FRET in the manner described above. The results indicated that the presence of either complex had a moderate influence on FRET in phase 1, while they appeared to have little strand displacement activity in phase 2 ( Fig. 2A, curved  lines g and h) . Although we have no explanation for this discrepancy, it is plausible that a complex formation of these proteins might cover the functional sites of the present analysis, and that these might be activated under conditions optimum for catalysis. Nevertheless, the present results, taken together with previous data, [6] [7] [8] suggest that P. horikoshii RNase P proteins assist PhopRNA in attaining a functionally active conformation via a distinct mode of binding.
